Abstract The space-time characters of the pion-emitting sources produced in the heavy ion collisions at the Large Hadron Collider (LHC) energies are investigated in a granular source model of quark-gluon plasma droplets. The results of two-pion interferometry indicate that the longitudinal interferometry radius is sensitive to the initial breakup time of the system. For a larger breakup time the values of the longitudinal interferometry radius for the LHC source are larger than that of the source produced in the collisions at the Relativistic Heavy Ion Collider's (RHIC) top energy. However, the values of the longitudinal radius are smaller if the source fragments at a smaller breakup time with a higher initial temperature of the droplets. The values of the transverse interferometry radius in the "side" direction for the LHC sources are larger than those for the RHIC source. The imaging analyses for the characteristic quantities of the granular sources are consistent with the interferometry radii.
Introduction
Two-pion Hanbury-Brown-Twiss (HBT) interferometry has been extensively used to extract the space-time information in relativistic heavy ion collisions [1∼4] . The two-pion interferometry analyses for the Relativistic Heavy Ion Collider (RHIC) experiments [5∼8] indicate that the ratio of the HBT radius R out to R side is about unity, which is contradictive to the usual hydrodynamic calculations and called the RHIC HBT puzzle [5∼8] . In Refs. [9] a granular source model of quark-gluon plasma (QGP) droplets was put forth. In Refs. [10, 11 ] the granular source model was improved to explain the RHIC HBT data [5∼8] . In the granular source model the system produced in the relativistic heavy ion collisions is assumed to fragment and form many QGP droplets at a breakup time t 0 after the system reaches the local equilibrium at τ 0 . In the heavy ion collisions at the LHC energies ( √ S NN =2.76∼5.5 TeV), the systems reach the local equilibrium at very short τ 0 and the breakup time may be different from that for the collisions at the RHIC top energy ( √ S NN = 200 GeV).
In the present work, we investigate the two-pion HBT radii and the source characteristic quantities extracted by imaging technique for the pion-emitting sources produced in the heavy ion collisions at the LHC energies.
Our results indicate that the space-time structure of the LHC pion-emitting sources is sensitive to the breakup time and different from that of the RHIC pion-emitting source.
Granular source of QGP droplets
We first review briefly the granular source model of the QGP [9∼11] . Some more details about the granular source model can be found in references [10, 11] . Assume that the system produced in central relativistic heavy ion collisions fragments and forms the QGP droplets initially distributed within a short cylinder along the beam direction (z direction) with the probabilities
where ρ 0 and z 0 are the initial transverse and longitudinal coordinates of the droplet center, respectively y 0 is the initial rapidity of the droplet, R ⊥ , R ⊥ , and y m are the radius of the cylinder, the shell parameter of the initial distribution, and the central rapidity region limitation respectively. On the basis of the Bjorken picture [12] , the velocity of the droplet is assumed as
where a T and b T are the magnitude and exponential power parameters respectively. The evolution of the system after the fragmentation is the superposition of all the evolutions of the individual droplets, each of which is described by relativistic hydrodynamics with a cross-over equation of the state of the entropy density [13∼15] . To include the direct pion emissions at hadronization and later feed-down from resonances decay, the pion freeze-out temperature is taken in a wide region with the probability
where f dir is a fraction parameter for the direction emission, T h is the temperature of complete hadronization, T dir and T dec describe the widths of temperature for the direct pion emissions and feed-down pion source.
Because of the high collision energy the systems produced in ultrarelativistic collisions have small τ 0 and large initial fluctuation of the energy density, which may lead to a system breakup during the following expansion together with the surface tension [10, 11] . In the calculations, we take τ 0 to be 0.4 fm/c and 0.8 fm/c for the collisions at the LHC and RHIC energies. We first assume the case where the breakup time t 0 = 3.0 fm/c for the LHC source, which is smaller than 5.0 fm/c of the RHIC source [11] , for considering the larger initial energy fluctuation. Secondly, we take a larger breakup time t 0 =7.0 fm/c for the LHC source for considering that the initial system fragments when the local energy density reaches a certain value for the RHIC granular source [11] . For the LHC source with a smaller breakup time (LHC1 source), we take the parameters R ⊥ and R ⊥ of 6.5 fm and 3.3 fm as the same for the RHIC source [11] , and the initial temperature of the QGP droplets is taken to be 420 MeV due to the higher energy density at the smaller τ 0 . For the LHC source with the larger breakup time (LHC2 source), the parameters R ⊥ and R ⊥ are taken to be 7.5 fm and 4.0 fm, and the initial temperature of the QGP droplets is taken to be 200 MeV as the same for the RHIC source [11] . The other model parameters are taken at the same values as in Ref. [11] .
In Fig. 1 we show the isotherms of the droplet evolution in the droplet local frame for the LHC1 and LHC2 or RHIC sources. Here r 0 is the initial radius of the droplet which satisfies a Gaussian distribution [11] . T c is the transition temperature which is taken to be 170 MeV. From Fig. 1 , it can be seen that the patterns of the isotherms for the LHC1 and RHIC sources are different. The droplets with higher initial temperature have larger expansion. Fig. 2 (a) and (b) show the transverse-space and time distributions of the pion emitting points in the granular sources. Correspondingly, Fig. 2(c) and (d) show the longitudinal-space and time distributions of the pion emitting points in the granular sources. One can see that the transverse-space distribution of the LHC1 source is wider than that of the LHC2 or RHIC source. However, the distributions in longitudinal-space and in time for the LHC1 source are smaller than the corresponding distributions for the LHC2 or RHIC source. 
HBT radii
The two-pion HBT correlation function is defined as the ratio of the two-pion momentum distribution P ( p 1 , p 2 ) to the product of the two single-pion momentum distribution P ( p 1 ), P ( p 2 ). Using the components of "out", "side", and "long", which refer to the directions parallel, perpendicular to the transverse momentum, and parallel to the longitudinal momentum of the pion pair [16, 17] respectively, of the relative momentum of the two pions, q = | p 1 − p 2 |, as variables, we can construct the correlation function C(q out , q side , q long ) from P ( p 1 , p 2 ) and P ( p 1 ) P ( p 2 ) by summing over p 1 and p 2 for each (q out , q side , q long ) bin [10, 11] . The HBT radii in the out, side, and long directions, R out , R side , and (5) Fig. 3(a) , (b), (c), and (d) show the HBT radii (R out , R side , R long ) and the ratio R out /R side as functions of the transverse momentum of the pion pair,
One can see that the values of the transverse HBT radius of the LHC1 source are smaller than those of the RHIC source at low k T . However, the R out results for the LHC2 source are larger than those of the RHIC source. The values of the transverse HBT radius of the LHC sources are larger than those of the RHIC source. Because the larger transverse expansion of the LHC1 source restrains its longitudinal expansion, the longitudinal HBT radius R long for the LHC1 source is smaller. However, the longitudinal HBT radius for the LHC2 source is larger. 
Imaging results
The imaging technique introduced by BROWN, DANIELEWICZ, and PRATT
[18∼20] is a modelindependent method to extract the two-pion source function S(r), the probability for emitting a pion pair with spatial separation r in the pair center-of-mass system (PCMS), from the HBT correlation function. After obtaining the source function we can calculate the source characteristic quantitiesR i andσ i by [11] 
where i = x, y, z represents the out, side, or long component of the coordinate r respectively, and r n i is defined as
The model-independent quantitiesR i (i = x, y, z) describe the sizes of the source and the ratioσ/R is related to the deviation of the source function from the Gaussian distribution [11] .
In Fig. 4(a), (b) , and (c) we show theR i calculated for the LHC and RHIC sources. It can be seen that in the out direction theR i results of the LHC1 and LHC2 sources are smaller and larger than those of the RHIC source, respectively. Unlike the HBT radius R out ,R i , increases with k T in the out direction. This difference is due to the effect of the Lorentz contraction in the out direction [11] , which is greater at larger k T . In the side direction the sizes of the LHC sources are larger than that of the RHIC source. One can see from Fig. 4(c) that the longitudinal sizes of the LHC1 and LHC2 sources are smaller and larger than those of the RHIC source, respectively.
From Fig. 4 (d) , (e), and (f) one can see that the ratioσ i /R i is smaller in the side direction and larger in the long direction. It indicates that the source functions in the side direction are close to the Gaussian distribution, and the source functions in the long direction have a larger deviation from the Gaussian distribution. 
Summary and conclusions
Based on the granular source model we have investigated the HBT interferometry for the pion-emitting source produced in the heavy ion collisions at the LHC energies. The HBT radii and imaging results of the LHC source exhibit different behaviors from those of the granular source in the heavy ion collisions at RHIC energy. For the LHC source with a smaller breakup time and hence a higher initial temperature of the droplets, the results of the longitudinal HBT radius are smaller than those for the RHIC source. However, the results of the longitudinal HBT radius for the LHC source with a larger fragmenting time (so having the same initial droplet temperature as the RHIC granular source) are larger. The values of the transverse HBT radius in the "side" direction for the LHC sources are larger than those for the RHIC source. The imaging analyses for the characteristic quantities of the granular sources are consistent with the interferometry radius results. The results ofσ i /R i indicate that the source functions in the long direction have a larger deviation from the Gaussian distribution.
Most recently, the HBT measurement for the central collisions of √ S NN = 2.76 TeV Pb-Pb was performed [21] . The results indicate that the HBT radii of the pion-emitting source in the transverse and longitudinal directions are larger than those in the RHIC experiments. Further studies on the HBT interferometry in the heavy ion collisions at the LHC and RHIC energies will be of great interest.
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